An online laser ion source has been used at the Leuven isotope separator online for the production of pure beams of exotic nuclei. The operational principle of the ion source is based on the element-selective multistep laser resonance ionization of nuclear reaction products thermalized and neutralized in a high-pressure noble gas. A number of improvements has been carried out to obtain stable and reproducible operation. The ion source has been optimized for the production of beams of exotic nuclei, created in proton-induced fission reactions. The efficiency of the ion source has been improved by incorporating the sextupole ion guide to separate laser-produced ions from the gas jet and to transport them to the acceleration stage of the mass separator. A gas purification system has been installed to purify the noble gas down to ppb level. High selectivity and efficiency of the ion source allowed to collect nuclear spectroscopic information for the neutron deficient 54 Ni and neutron-rich 68 -74 Ni isotopes.
I. INTRODUCTION
Development of efficient and element-selective ion sources is a key point in the modern studies of exotic nuclei far from stability. Such nuclei are produced in nuclear reactions in very small quantities and usually are covered by much more abundant isobars. Laser resonant ionization can provide a very efficient and highly selective way to ionize the exotic atoms only.
We are developing the ion guide laser ion source ͑IGLIS͒ based on the laser resonance ionization in a gas cell. [1] [2] [3] [4] [5] [6] In this ion source the nuclear reaction products recoiling out the target are thermalized and neutralized in a high-pressure noble gas ͑He, Ar͒. Then only atoms of interest are selectively ionized by the laser light in two steps and after acceleration the isobars are separated by an online mass separator. The IGLIS combines the fast release time of the ion guide technique and the high efficiency and selectivity of the laser ionization. In this article we describe the latest improvements which allowed us to obtain efficient and reproducible operation of the ion source. The IGLIS has been optimized for the production of beams of exotic nuclei created in a proton-induced fission reaction. Figure 1 shows a general view of the ion guide laser ion source and the sextupole ion guide ͑SPIG͒. In the present setup the skimmer electrode has been replaced by the SPIG, which transports the laser-produced ions to the mass separator. This allowed us to improve essentially the ion beam quality and to improve the stopping efficiency by increasing the buffer gas pressure inside the ion source. Recently, a gas purifier ͑MonoTorr Phase II 3000͒ has been installed on the gas handling system that allowed us to reduce the impurity level in the buffer gas down to ppb level. The IGLIS has been described elsewhere in Ref. 3 . The ions leaving the source are captured by the SPIG and transported toward the extraction electrode. It consists of six rods ͑124 mm long and a diameter of 1 mm͒ cylindrically mounted on a sextupole structure with an inner diameter of 2.5 mm. An oscillating voltage V rf with fixed frequency of 4.7 MHz and variable amplitude of 0-150 V is applied to the rods with every rod in antiphase to the neighboring rods. The buffer gas is pumped out efficiently through the gaps between the rods, while the ions are confined and transported to the extraction electrode with the gas jet velocity. The skimmer plate separates the high vacuum chamber of the separator and low vacuum part around the gas jet. The main difference from the previous skimmer setup consists of the fact that ions can be guided toward the mass separator without applying a dc voltage in a high-pressure zone between the ion source and the SPIG rods. Acceleration of ions takes place only near the extraction electrode where a relative high vacuum ͑10
II. DESCRIPTION OF THE ION GUIDE LASER ION SOURCE
Ϫ3 Torr͒ is achieved. Figure 2͑a͒ shows the mass spectrum of ions leaving the source after laser ionization of stable cobalt atoms. Helium gas of the 99.9999% purity ͑grade 6.0͒ was used in this measurement with a moisture concentration of 0.5 ppm. The gas purifier was off. The biggest peak is not Co ϩ at mass 59 but Co͑H 2 O͒ 2 ϩ at mass 95. The Co ϩ ions are pushed in molecular side bands; all observed molecular ions are formed inside the ion source in reactions of the laser-produced cobalt ions with impurities, which are present at ppm level in the buffer gas. If a dc voltage is applied to the SPIG rods, the so-called dissociation voltage V dc , the ions leaving the ion source are accelerated in the high-pressure zone and all molecular ions are dissociated and are converted into atomic ions Co ϩ ͑mass 59͒, Fig. 2͑b͒ Figure 2͑c͒ shows the same mass spectrum as Fig. 2͑a͒ but enlarged by a factor of 100. Different molecular ions such as CoO 2 
III. OFFLINE EXPERIMENTS
, CoHe͑H 2 O͒ n ϩ (nϭ0 -2) can be observed. It has to be emphasized that this is an extremely sensitive method for the detection of impurities in the noble gases yielding the possibility to detect impurities at the ppt level.
Information on the creation and eventual neutralization of molecular ions inside the ion source can be obtained from the ion release time profiles after longitudinal laser ionization of stable atoms. These signals were measured after mass separation by a secondary electron multiplier. Figure 3͑a͒ shows the time profile of nickel ions ionized in the helium gas of the 6.0 purity grade. In the case of longitudinal ionization, the beginning of the signal corresponds to the ions created close to the exit hole, the later time corresponds to a position deeper inside the source. The Ni͑H 2 O͒ ϩ ions ͑mass 76͒ are formed from the Ni ϩ ions ͑mass 58 is the most abundant nickel isotope͒. After some delay the Ni͑H 2 O͒ 2 ϩ ions appear. The strongest observed signal is Ni͑H 2 O͒ 3 ͑mass 112͒. If the gas is purified the molecular side bands are substantially reduced. The effect of purification is clearly seen from Fig. 3͑b͒ . The formation of molecular ions is delayed in time and the atomic ion peak at mass 58 is getting the strongest.
In spite of the longer evacuation time of argon compared to helium ͑the conductance of the exit hole for argon is ϳ3 times less͒ the ion signal in argon is shorter. This is explained by faster neutralization of the laser-produced ions 
FIG. 2.
Mass spectrum of the laser-ionized stable cobalt atoms ͑cobalt has only one stable isotope and the mass is 59͒: ͑a͒ no dissociation voltage (V dc ϭ0͒ is applied between the ion source and the SPIG rods, V se ϭ0; ͑b͒ V dc ϭ250 V, V se ϭ250 V; ͑c͒ the same as ͑a͒ but enlarged 100 times.
FIG. 3.
Time profiles of ions released from the ion source after longitudinal laser ionization of nickel atoms if no dissociation voltage is applied: ͑a͒ without the gas purifier, He, 500 mbar; ͑b͒ with the gas purifier, He, 500 mbar; ͑c͒ with the gas purifier, Ar, 500 mbar.
through the dissociative recombination. As can be seen from Fig. 3͑c͒ , in addition to the ions with the mass numbers 76, 94, and 112 ͑indicated in the figure as M76, M94, and M112, respectively͒ also seen in the helium buffer gas, molecular ions NiAr ϩ ͑mass 98͒, NiAr 2 ϩ ͑mass 138͒, and NiAr͑H 2 O͒ ϩ ͑mass 116͒ are formed inside the ion source. Formation of these ions causes the fast neutralization. The lower efficiency of the standard ion guide ion source discovered for argon as a buffer gas, relative to helium can be explained by the formation of these molecular ions and the consequent fast dissociative neutralization. This effect could not be studied before, since the field of the skimmer electrode dissociated these molecular ions.
The mass resolving power of the separator has been increased from 300 for the skimmer setup up to 1450 with SPIG. 6 The measured ion energy spread is less than 1 eV. The small energy spread and the high resolving power are maintained even when the dissociation voltage is applied because ions thermalize again due to collisions in the highpressure region of the SPIG.
IV. ONLINE EXPERIMENTS
The IGLIS was used successfully for the study of nuclear decay properties of neutron-deficient 54 Ni and neutron-rich 68 -74 Ni isotopes. It has been installed at the front end of the Leuven isotope separator online mass separator, which is coupled online to the cyclotron cyclone at Louvain-la-Neuve.
The 54 Ni nuclei were produced in a fusion evaporation reaction by the impact of a 45 MeV 3 He ϩϩ beam on a 54 Fe target. The production cross-section calculation for 54 Co shows a value that is more than two orders of magnitude larger than the value for 54 Ni. The selective ionization of nickel atoms allowed deducing the half-life of 54 Ni from the ␤-delayed ␥ line 937.4 keV, which is uniquely present when the lasers are tuned in resonance with Ni.
Neutron-rich nickel isotopes were produced in a fission reaction of 238 U, induced by a 30 MeV proton beam. Recently a new ion source has been installed, specially adopted for fission reactions. Since the recoil nuclei have a high energy of 90 MeV, the inner diameter of the source was increased up to 5 cm. This allowed stopping the major part of fission products in 500 mbar of argon. The body of the ion source was made of stainless steel and was electropolished to reduce the level of impurities. To increase the target thickness for the projectile particles without increasing the possibility to stop the fission products in the targets, two thin 238 U targets ͑10 mg/cm 2 ͒ are tilted at 20°. New spectroscopic information for several nickel isotopes has been obtained. Figure 4 shows the ␤-gated ␥ spectrum on mass 73 with lasers tuned on and off resonance with nickel atoms; no information on the ␤-delayed ␥ decay of the nucleus existed until now. The ␥ lines at 166 keV and 479 keV are present only in the on-resonance spectrum. The observed Cu activity ͑450 keV͒ in the on-resonance spectrum is produced by the decay of 73 Ni. The selectivity of the source is Ͼ35. The calculated production cross section of 73 Ni is equal to 0.1 mbarn while the total fission cross section is equal to 2 barn. The line at 258 keV, observed as in on-as in off-resonance spectra, is due to the double charged 146 La ϩϩ ions produced with a very high cross section.
